It is demonstrated that time-dependent density functional theory (DFT) calculations can accurately predict changes in near-UV electronic circular dichroism (ECD) spectra of DNA as the structure is altered from the linear (free) B-DNA form to the supercoiled N-DNA form found in nucleosome core particles. At the DFT/B3LYP level of theory, the ECD signal response is reduced by a factor of 6.7 in going from the B-DNA to the N-DNA form, and it is illustrated how more than 90% of the individual base-pair dimers contribute to this strong hypochromic effect. Of the several inter-base pair parameters, an increase in twist angles is identified as to strongly contribute to a reduced ellipticity. The present work provides first evidence that first-principles calculations can elucidate changes in DNA dichroism due to the supramolecular organization of the nucleoprotein particle and associates these changes with the local structural features of nucleosomal DNA.
I. Introduction
If a prize were to be awarded for the most significant molecular structure revelation of the 20th century, it should be bestowed on DNA. Watson and Crick's paper from 1953 1 changed the course of science by providing a fundamental understanding of the storage of the genetic code. It was later found that DNA can take on a number of structural forms: in addition to the righthanded A-and B-DNA forms, the left-handed Z-DNA form and the p-stacked double helical DNA structures have also entered as candidates in the technical science fields of nanotechnology and microelectronics. 2, 3 In addition to the aforementioned fundamental variations, the molecular structure of DNA is also very sensitive to the environment in terms of temperature, concentration, counter ions, cationic polymers, and bio-and supramolecular assemblies. [4] [5] [6] [7] [8] [9] [10] In this context, the interactions between B-DNA and histones are of paramount importance, leading to the formation of nucleosome core particles in chromatin that represents the fundamental packaging unit of the genome in eukaryotic cells. In this molecular assembly, a DNA sequence of 147 base-pairs coils 1.67 turns in a left-handed fashion around a histone core of four protein pairs. 8 This supercoiled form of DNA is referred to as N-DNA.
The study of conformational changes in DNA is well suited for electronic circular dichroism (ECD) spectroscopy due to the fact that it is concentration-sensitive and able to elucidate the in situ supramolecular arrangement. 11 In addition, it is a fortunate fact that the low-energy spectroscopic bands of the nucleobases do not significantly overlap with those attributed to the proteins at higher energy, which means that ECD spectra in the region of 250-300 nm act as fingerprints of conformational changes in DNA sequences. 12 A most striking example is provided by the conformational change from B-DNA to N-DNA, an event which is known to be accompanied by a decrease in the ECD signal response of the low energy lying strong positive band by a factor of 3-4. 13 As evidenced by a number of reviews, [14] [15] [16] [17] [18] there exist numerous studies devoted to the calculation of UV absorption characteristics of the nucleic acid bases, nucleosides, nucleotides, and base-pair fragments. The characterization of the UV-induced photophysical excitation and relaxation channels is of course of highest concern as to understand the mechanisms behind photodamage in DNA.
When it comes to theoretical work addressing ECD spectroscopy, the situation is quite different for reasons of computational complexity, both in terms of model system sizes and also requirements on the wave function (or density) parametrization. In a review by Kypr et al. 12 from 2009, the state of affairs was summarized as: ''The theoretical (i.e. quantum chemical) description of CD spectra of molecules as large as DNA is very complex, so the method is not able to provide structural information on the molecules at the atomic level''. It is clear that, in theoretical work on ECD, it is not relevant to study model systems in terms of bases or base-pairs due to their achiral nature. Instead the dichroism found in DNA originates from the p-stacking of basepairs at defined twist angles, which means the smallest model system of real interest is a base-pair dimer. A successful theoretical elucidation of the ECD spectrum of the adeninethymine homo-oligonucleotide was only recently presented by Di Meo et al. 19 It was demonstrated that, with careful consideration of molecular structure parameters and with the use of extended basis sets, an accurate assignment of the experimental ECD spectrum could be obtained at the level of time-dependent density functional theory using hybrid functionals. 19 The accuracy of the dimer model system was confirmed against large benchmark calculations for a trimer system, a result which will form the foundation for the present work. The purpose of the present work is to take the simulations of ECD spectra to the next level and address hetero-nucleotide systems, i.e., real DNA, in the conformations of B-DNA and N-DNA.
II. Methodology
For an isotropic sample, the circular dichroism at a given wavelength is described by the ellipticity. 20 Circular dichroism and linear absorption 21 can be evaluated directly using standard electronic structure theory methods in the complex polarization framework [22] [23] [24] [25] or indirectly by determining oscillator and rotatory strengths from residues of linear response functions and subsequent employment of spectral broadening functions. 26 The oscillator (f n ) and rotatory strengths (R n ) for an electronic transition from the ground |0i to the excited state |ni are equal to f n ¼ 2mo n0 3 he 2 X a¼x;y;z 0jm a jn h i j j 2 ;
R n = Imh0|m a |nihn|m b |0i,
wherem a and m b are the electric and magnetic dipole moment operators along the molecular axes a and b, respectively, and the excitation energy is given by ho n0 = E n À E 0 .
III. Computational details
Unless stated otherwise, our calculations are based on molecular structures extracted from the X-ray crystal structure at 1.9 Å resolution of the nucleosome core particle containing 147 base-pairs (PDB file 1KX5). 8 The experimental structure data are supplemented with hydrogen atoms that are added at C-H, N-H, and O-H bond distances of 1.090, 1.090, and 0.974 Å, respectively. Hydrogens belonging to aromatic rings or amino groups are added in a configuration as to preserve the planarity, see Fig. 1 . The O-P bonds were cut and phosphorus atoms replaced by hydrogen. The sugar part was replaced by a methyl group. The added methyl group is oriented as to maintain the plane of symmetry in the system. For comparison, calculations are also performed with use of molecular structures that are optimized at the level of density functional theory (DFT) in conjunction with the hybrid B3LYP 27 exchange-correlation functional and Dunning's correlation consistent double-z (cc-pVDZ) basis set. 28 The molecular structure optimizations are performed with use of the Gaussian program. 29 All property calculations are carried out with use of the Dalton program 30 through which gauge-origin independent circular dichroism data are obtained by means of London orbitals. 31 In these calculations, we adopt the B3LYP 27 and
Dunning's augmented basis sets of double-z and triple-z quality (aug-cc-pVDZ and aug-cc-pVTZ). 28 To evaluate the contributions from charge transfer states, test calculations were conducted for B-DNA with the CAM-B3LYP functional. In all spectrum calculations, we have converged 40 electronically excited states of singlet spin symmetry to a relative residual norm of 1.0 Â 10
À4
. The combination of perturbation-dependent high-quality basis sets and tight numerical convergence leaves us certain that, within the approximation of the electronic structure method at hand, we present well converged spectra. Absorption and ECD spectra are obtained as sums of Gaussian profiles multiplied by oscillator and rotatory strengths, respectively. In both cases, the half-width at half-maximum was set equal to 0.083 eV.
IV. Results and discussion

A. Isolated and individual base-pairs of nucleobases and nucleosides
A comprehensive experimental study of the UV absorption spectra of nucleotides, polynucleotides, and nucleic acids is found in the work of Voet et al. 32 from 1963 and in Fig. 1 of their paper one finds the spectra of the isolated DNA nucleobases in the wavelength region of 180-300 nm. The experimental UV absorption spectrum of cytosine (but not those of others) is strongly dependent on pH conditions. We are concerned with the basic chromophores, disregarding issues of protonation/ deprotonation, so we will use the spectra recorded under neutral Table 1 .
(or as close as possible) pH conditions as references for our calculations.
1. Adenine. The experimental UV spectrum of adenine shows a strong and seemingly isolated broad band with a maximum at around 260 nm. 32 A more recent experiment performed on the nucleoside finds the band maximum also at 260 nm, 33 so the effect of the sugar on the absorption spectrum appears to be very small. These experimental observations agree very well with the calculated absorption spectra of adenine derivatives presented in Table 1 with a strong peak in the region of 250-256 nm. The oscillator strength for this dominant transition is as large as 0.2 due to the fact that it is a p*-resonance well characterized by an electronic transition in between the p and p*-orbitals shown in Fig. 1 . There is a second state that is close in energy and of the same character but with a smaller oscillator strength equal to 0.013. These two resonances are referred to as transitions p*L a and p*L b and they have been established theoretically both using other functionals (PBE0), 34 as well as high-level ab initio methods (CASPT2). [35] [36] [37] It is deemed that the discrepancy between theory and experiment is well within the error bounds to be expected in the theoretical calculations as due to (i) neglect of the solvent, (ii) neglect of vibrational effects, and (iii) the limited accuracy of the adopted exchange-correlation functional, and we feel confident that we have a reasonably good description of the electronic structure of adenine and, as we shall discuss below, also of other bases. At the same time, we acknowledge the fact that, regardless of the choice made among the standard functionals, the time-dependent DFT approach cannot be expected to provide all aspects of the excitation spectra fully correct as has been demonstrated by Bartlett and co-workers in their benchmarking work using coupled cluster wave function theory with up to triple excitations in the cluster operator. [38] [39] [40] The use of high-level wave function correlated methods comes at a price, however, not only in terms of an increased computational scaling with the size of the system but also in terms of stronger basis set requirements. For instance, the main absorption band of adenine is found at 5.66 and 5.47 eV (or 219 and 227 nm, respectively) in the CCSD and CCSD(T) calculations, respectively, 40 which is some 0.7-0.9 eV higher than the reported band maximum in the experiment. 33 These discrepancies are expected to be at least partly associated with basis set limitations. More extensive basis sets were applied by Ovchinnikov and Sundholm 41 for the coupled cluster calculation of UV absorption spectra of a wide selection of the lowest tautomers of the nucleobases, but at the price of not making full inclusion of double excitations. It is argued, however, that the somewhat limited CC2 model is expected to perform well for these systems, 41 and, for adenine, a CC2 excitation energy of 5.26 eV (or 236 nm) was reported using a high-quality quadruple-z basis set. The authors also reported a corresponding B3LYP result, which was found to be 0.29 eV lower in energy and thus in close agreement with the results in the present work. The overall assessment made by the authors concludes that in all but a few cases, the B3LYP results agree well with CC2, as well as with the experimental results.
41 Table 1 Optical absorption and activity of the lowest strongly absorbing band in isolated and base-pairs of nucleobases (A = adenine; C = cytosine; G = guanine; T = thymine) and in the corresponding nucleosides. Our goals in the present work reach far beyond a few single point calculations of absorption spectra, so we are forced to accept the limitations of the more approximate DFT methods, and, arguably, the DFT/B3LYP level of theory represents a good compromise in between computational efficiency and accuracy in the present case.
The molecular structure used in our calculations (see footnote a of Table 1 ) is that of adenine in the crystal structure of the strand I of base-pair À1 in the palindromic sequence of 147 base-pairs in N-DNA (base-pair 0 is the central base-pair). We expect our results for optical transition data to be quite insensitive to the small intra-molecular structure differences in between different base-pairs. In fact, the X-ray crystallographic structure is based on fits of rigid molecular fragments to the observed electron density so intra-molecular distance parameters are not directly determined from the X-ray experiment of the N-DNA crystal but rather in combination with highresolution data for the molecular fragments. A measure of the sensitivity of our theoretical calculations to the adopted molecular structures is provided by a comparison of the results obtained from experimental and theoretically optimized structures-results of the latter kind are labeled as footnote b in Table 1 . It is clear from a comparison of a and b that the absorption characteristics are well preserved for this band, and any conclusion made about major changes in optical spectra will be insensitive to the issue of intra-molecular coordinates adopted in the calculations.
The reader may note that we choose to present not one but two electronic states for the discussion of the lowest absorption band, despite the fact that only one of them acquires a large oscillator strength. The reason for this choice becomes clear only after looking at the rotatory strengths. It is of course to be expected that the essentially planar nucleobases do not demonstrate ECD responses. The lowest absorption band in adenine (a and b in Table 1 ) is the result of two near-lying transitions and the oscillator strength is unevenly divided in between the two states (in a/b the second/first transition dominates the absorption). If we consider the optical activity, it is noticed that both states have rotatory strengths of similar magnitudes but of opposite signs. The ECD response from adenine will thereby be vanishingly small, as to be expected. The magnitudes of the rotatory strengths for the two individual states are larger in the optimized structure (36.9 and À35.0 Â 10 À40 esu 2 cm 2 ) as compared to when the structures are extracted from N-DNA (À14.4 and 10.9). The reason for this is that the amine hydrogen atoms that we are forced to add to the list of atoms in the crystallographic data are put in a planar configuration, whereas in the optimized structure the amine moiety becomes slightly pyramidal (and thereby also chiral). In the real system it is to be expected that a motion of inversion takes place on a relatively short time-scale and we therefore adopt the intermediate planar structure as to reflect a conformational average.
In DNA, the nucleobases are attached to deoxyribose, forming nucleosides. The sugar will induce chirality in the system since the plane of symmetry in the nucleobase is lost. However, we expect that the influence of the sugar on both the absorptive and chiral properties of the lowest UV bands is small. We address this issue in sections labeled c in Table 1 , which present data for the nucleosides. When a comparison is made for the results for adenine, it becomes clear that the near UV absorption characteristics are very much unperturbed by the deoxyribose, as already established in the work of Improta and Barone, 34 and the ECD response remains very small (although there is no longer a cancellation of the contributions from the two states). Finally, with regard to isolated adenine, we turn to section d in Table 1 that presents results for the nucleoside as obtained with a large augmented triple-z basis set. We can simply confirm that the much smaller augmented double-z basis set is perfectly adequate and not associated with any limitations of concern in the present work.
An issue of concern to the present study is to what extent the UV bands of the nucleobases are affected by hydrogen bonding in the base-pairs. Adenine forms base-pairs with thymine for which computational results are presented further down in Table 1 , at the position of the system label A-T. As discussed above, the dominant absorption band in isolated adenine is found at transition wavelengths of 253 and 256 nm with oscillator strengths of 0.201 and 0.194 for the nucleobase and nucleoside, respectively. In the base-pair environment, the corresponding absorption data become equal to 255 and 253 nm with values of f equal to 0.234 and 0.210, respectively. The conclusions from these results are that the absorption characteristics of adenine are not much affected by the formation of a base-pair with thymine and that the optical activity remains very small.
2. Thymine. In comparison with the spectrum of adenine, the experimental UV absorption band of thymine also displays a low lying isolated band, but it is somewhat red-shifted (5-10 nm) and less intense. 32 Depending on whether one considers the calculations based on the molecular structure from N-DNA (based on nucleobase +1 of the strand I) or the optimized one (sections a and b for system T in Table 1 ), the corresponding theoretical red-shift as compared to adenine amounts to 14 or 7 nm, respectively, and the intensity decrease is predicted to be equal to 19% or 10%, respectively. It appears as if the red-shift obtained for the optimized structure fits the experiment better, but results are not alarmingly different and the conclusions we draw are that the UV absorption spectrum of thymine is well described at the adopted level of theory and that it is not very sensitive to the small intra-molecular geometry distortions that we expect to find within the DNA sequence. This conclusion is further corroborated by comparing to more recent experiments concerned with the UV absorption of thymine, methyl-substituted thymine, and deoxy-thymidine and which report band maxima to be found at energies of 4.68, 4.55, and 4.64 eV, respectively. 33, 42 Our results for the p-p*-transitions in the latter two systems are equal to 4.64 and 4.70 eV, which stand in very good agreement with experiment. Using the hybrid PBE0 functional, Improta and Barone 34 obtain corresponding values of 4.86 and 4.87 eV, which gives an illustration of the type of sensitiveness that is to be expected from the choice made of the exchange-correlation functional. Our choice is better tuned with respect to experiment both in terms of absolute energies and also with respect to the shift due to the sugar. The rotatory strengths of thymine are very small and the main reason is of course the fact that the molecular structure is highly planar (more so than adenine). The two methyl groups are added in a way so that they adopt the plane of symmetry and this conformation is stable upon structure optimization, showing only positive vibrational frequencies. The plane of symmetry is broken by the addition of deoxyribose so that the rotatory strength of the dominant UV state reaches a value of À18.5 Â 10 À40 esu 2 cm 2 , whereas the transition wavelength is not significantly affected by the sugar group (being equal to 267/264 nm without/with sugar). In the data for the A-T base-pair in Table 1 , it is clear that the band at 269 nm with f = 0.137 (section a without sugar) is due to thymine and that it is not much affected by hydrogen bonding. This base-pair is number À1, which of course means that the structure for thymine comes from the strand II and that it is not necessarily identical to the thymine structure of the strand I of base-pair +1. This is a further indication that the optical properties of the base-pairs in DNA are very much determined by the optical properties of the nucleobases themselves and that the optical activity remains small for the individual base-pairs.
3. Guanine. The experimental near UV absorption spectrum of guanine differs from those of the other nucleobases in that it appears to result from two distinct electronic states, resulting in two band maxima at transition wavelengths of about 250 and 275 nm, respectively, and, out of these two bands, the one found higher in energy is more intense. 32 These main characteristics are well captured in the theoretical spectrum presented under system G in Table 1 . Based on a molecular structure from base-pair À1 in the strand I of N-DNA (section a in the table), we can find the two strongly absorbing bands at wavelengths 250 and 260 nm, respectively. The band separation is underestimated by some 15 nm but the intensity ordering is correctly predicted by theory, showing an intensity ratio of 2.1. Adopting the optimized molecular structure does not change the transition wavelengths to any significant extent but we note that the band intensity ratio is significantly lowered and becomes equal to 1.3. This latter ratio appears in better agreement with experiment, which is an indication of somewhat altered intra-molecular bond parameters for guanine in N-DNA as compared to in isolation. A comparison of structures reveals not only the pyramidalization of the amino group in the optimized structure that we already discussed but also that the aromatic rings are quite clearly skewed in the N-DNA structure, e.g., the N(methyl)-C-C-C dihedral angle (where N(methyl) is the nitrogen in guanine bonded to the methyl group, see Fig. 1 ) is found to be equal to 176.91 in guanine with the structure taken from N-DNA (compared to À179.61 in the optimized structure). The rotatory strengths in isolated guanine are all small or moderate. They are larger in the case of the optimized structure due to the pyramidalization of the amino group. We also note that the addition of deoxyribose does not inflict any significant changes in the near UV absorption or ECD spectrum.
The two absorption bands in guanine can be clearly identified in the G-C base-pair as well, referring to calculations performed on base-pair number À1. The lowest band (at 260 nm with f = 0.129 in isolated guanine) is found at 265-268 nm in the base-pair with f = 0.189 and R = À21.9 (the sum of contributions from three states) and the second band (at 250 nm with f = 0.197 in isolated guanine) is found at 253-254 nm in the base-pair with f = 0.189 and R = À18.1 (the sum of contributions from two states). So, in regard to base-pair formation, the results for guanine fall in line with those of adenine and thymine namely that nucleobase absorption characteristics are preserved and the ECD remains small.
4. Cytosine. The experimental near UV absorption spectrum of cytosine at pH 8.8 is indistinct in character and does not show pronounced absorption bands, except for a broad weak band. 32 The same can be said about the theoretical spectrum in which the strongest of a series of weakly absorbing states is found at 286 nm with f as small as 0.046. The first state with an absorption strength on par with those discussed for the other nucleobases is found at 238 nm, the oscillator strength for this transition being equal to 0.107. Nothing noteworthy occurs with respect to optimization of structure or addition of deoxyribose. In the formed G-C base-pair, the absorption bands due to cytosine do not contribute much to the near UV absorption spectrum. The low energy band in cytosine is now found at 292 nm with an oscillator strength that is substantially reduced from an already small value to become equal to 0.009. The upper energy band falls outside the wavelength region considered, and, based on these results, it appears likely that cytosine will not play a significant role in the formation of the lowest energy ECD bands of DNA and therefore falls somewhat outside the focus of the present study.
B. Base pair dimers of nucleobases
Based on experimental 43 and theoretical 44 evidence, it appears that linear B-DNA free in solution is most stable with about 10.5 base pairs per turn rather than 10 as observed in the solid state, whereas superhelical DNA in chromatin is most stable with about 10 base pairs per turn. B-DNA is thus associated with an average twist angle of 360/10.5 = 34.31 while nucleosomal DNA corresponds to an average twist angle of 361. We note here that the average twist in NCP147DNA in the 1KX5 crystal structure is 34.61 while 34.71 is the average twist of NCP146DNA in the 1EQZ crystal structure (values inferred from Cluster+ analysis): it is possible that the isolated NCP is not sufficiently representative of the DNA superhelical fold in native chromatin in which the core particles are part of nucleosomes connected through additional DNA including a linker (we will address this issue in more detail in Section D). The average rise distance is about 3.4 Å, which is a prototypical separation distance in systems showing effective p-stacking. These values for the twist angle and the rise distance will produce a helical system with a strong chirality that is expected to outperform the contributions discussed so far from the individual base-pairs. The stacking of the aromatic rings will give rise to alterations of the base-pair absorption bands along the lines of exciton coupling theory, as discussed in more detail in ref. 45 .
In the present section, we will study the exciton coupling effects of the lowest energy absorption band when stacking base-pairs A-T, T-A, G-C, and C-G. We restrict the study to base-pair dimers with geometries taken from N-DNA in the 1KX5 crystal structure. As seen in section a of Table 1 for basepair A-T, there is a strong absorption band found around 269 nm and which is primarily associated with thymine. In the same wavelength region (265-268 nm), the G-C base-pair displays a strong absorption band that is primarily associated with guanine. These two bands and stacking interactions among them are likely to be responsible for the absorption and dichroism characteristics in the near UV region.
Since orientation will matter, there are 16 different ways to stack the two base-pairs A-T and G-C. For instance, it is obvious that the A-T/A-T and A-T/T-A dimers will be distinctly different, since, in the former case, p-systems of the same kind are stacked on top of one another and this is expected to give rise to a more pronounced exciton coupling. On a more subtle level, the defined direction in a DNA sequence is to read basepairs from the 5 0 to the 3 0 carbons in deoxyribose so that dimers A-T/T-A and T-A/A-T are different, but this distinction is largely lost in our molecular models that exclude the sugar moieties.
In Table 2 , we present absorption and ECD data for the dominant near UV bands of dimers of methyl-capped basepairs of nucleobases. In the A-T/G-C dimer, thymine and guanine do not interact strongly and their respective near UV absorption bands are found in between 270 and 273 nm, yielding a combined positive rotatory strength of 86.0 Â 10 À40 esu 2 cm 2 . This behavior stands in stark contrast to the case of the A-T/ A-T dimer in which the stacking of the thymines leads to a strong exciton coupling for the lowest energy transition. As a consequence the band splits into two components. The low energy one of the two becomes less absorptive in comparison with the other, which is in agreement with standard exciton coupling theory, and they are separated by about 0.10-0.15 eV. The magnitudes of the rotatory strengths are enhanced by the exciton coupling and the signs alternate for the two components of the near UV band. The lower energy component of the exciton reaches a positive rotatory strength of 105.9 Â 10 À40 esu 2 cm 2 (the sum of two contributions) whereas the upper energy component shows a negative rotatory strength of À80.9 Â 10 À40 esu 2 cm 2 (also the sum of two contributions). The absorption band due to adenine is found at around 257-258 nm with an exciton splitting as small as 0.03 eV. Also in this case the lower energy component of the absorption band is the less absorptive one and it is found to give rise to a positive rotatory strength. The properties of the T-A/T-A dimer are expected to be very similar to those of the A-T/A-T dimer. When comparing sets of data, the ECD of individual dimers will of course differ in its fine details due to differences in molecular configurations but the general characteristics must be the same for reasons discussed above. The lowest band in the T-A/T-A dimer is associated with thymine and shows an exciton splitting of 0.14 eV, with the two transition wavelengths being equal to 265 and 274 nm, respectively. The low-energy component of the pair of states is weakly absorbing with f = 0.034 but demonstrates a large positive dichroism with R = 93.0 Â 10 À40 esu 2 cm 2 . The high-energy component, on the other hand, is strongly absorbing with f = 0.171 and contributes a large negative dichroism with R = À94.6 Â 10 À40 esu 2 cm 2 . The exciton splitting of the adenine band in the T-A/T-A dimer is found to be equal to 0.08 eV, with the two transition wavelengths being equal to 261 and 257 nm, respectively. Also in this case the lower energy component of the absorption band is the less absorptive one and it is found to give rise to a positive rotatory strength. The results for the selected A-T/A-T and T-A/T-A dimers provides ample evidence that the two dimer types contribute to the dichroism of a DNA sequence Table 2 Optical absorption and activity of the lowest strongly absorbing band in methyl-capped dimers of base-pairs of nucleobases (A-T, T-A, G-C, and C-G). Presented data include excitation energies (eV), transition wavelengths (nm), oscillator strengths (dimensionless), and rotatory strengths ( in the same manner and that the stacking of thymines provides a key contribution to the lowest energy band in a DNA sequence.
In the A-T/T-A dimer, it is expected that the electronic interaction is weaker since different nucleobases are stacked on top of one another. As a consequence, the three reported transitions that contribute to the thymine absorption band are close in energy (transition wavelengths fall in the interval of 273-274 nm). The spread in transition wavelengths for the adenine band is also small, with the two dominant transition wavelengths being equal to 255 and 258 nm. As further evidence of the absence of exciton coupling in the case of the A-T/T-A dimer, we note that there is no pairing of transitions with low-and high-energy components that results in very different oscillator strengths. In the present case, the contributing transitions share more equally the total oscillator strength of the respective absorption bands. The total rotatory strength of the thymine band is large and positive, amounting to R = 191.8 Â 10 À40 esu 2 cm
, whereas the ECD associated with the adenine band is negligible in comparison to what is found for the A-T/A-T and T-A/T-A dimers.
In the G-C/G-C dimer, the part of the system that is relevant for the formation of the lowest energy near the UV band in DNA sequences is the stack of the two guanines. From the results reported in Table 2 , however, it is clear that the stacking of guanine does not induce as strong a chirality as the stacking of thymines. Exciton bands are not observed and the total rotatory strength of the guanine band in the G-C/G-C dimer amounts to R = 62.3 Â 10 À40 esu 2 cm 2 . This is less significant a contribution to the overall ECD response as compared to contributions from dimers involving the stacking of thymine.
C. Circular dichroism in B-DNA and N-DNA
Experimental ECD spectra of DNA were reported by Gratzer et al. in 1970. 46 The spectra from two different samples are provided in their work, with samples differing in the proportional amounts of A-T base pairs (28% and 67%). The first ECD band is positive with a peak maximum at around 270-280 nm and the second is negative with a peak minimum at around 245-250 nm. From our theoretical study of dimers presented in the previous section, it appears reasonable to conclude that these two bands are very much influenced by the exciton coupling of the A-T/A-T (and T-A/T-A) dimers but that, at the same time, important positive non-excitonic contributions to the first ECD band also stem from basically all the other studied dimers. In light of the theoretical findings, it appears likely that the larger negative ECD in the experimental spectrum of the 67%-sample as compared to the 28%-sample is an effect of the larger number of excitonic contributions to the signal in the former case. Our main concern in the present work is to obtain a microscopic understanding for the observed strong decrease in the dichroism of DNA due to a change in the 3D-fold going from the linear form (B-DNA) to the super-helical form seen in chromatin (N-DNA). The 147 base-pair long DNA sequence coils around the core particle in 1.67 left-handed turns, which obviously gives rise to changes in inter base-pair structure parameters, and it is the averaged effect of these structural changes that is read off in the comparison of ECD signal responses for B-DNA and N-DNA. Since no DNA sequence has been crystallized in both forms, we are forced to simulate the structure in the B-DNA form and we do so by (i) performing a molecular structure optimization of the respective base-pairs and (ii) creating a ''perfect'' base-pair dimer by taking two optimized base-pairs and separating them with a rise and twist. For each type of base-pair dimer we use the average rise and twist measured for N-DNA (1KX5), consequently our ''perfect'' dimer does not exhibit any slide, shift, roll or tilt. We will refer to these optimized molecular structures as being in the B-DNA conformation. If we focus on the ECD response signal in the vicinity of the wavelength for the experimental band maximum, we note a strong dependence of the dichroism on the twist angle. Fig. 2 shows this dependence for the A-T/A-T base-pair dimer at a wavelength of 272.5 nm with a y-axis scale chosen relative to the signal response for a twist angle of 331. It should be noted that the overtwist will strongly reduce the ECD signal and, as an example, it is seen in the figure plot that an overtwist of six degrees causes a signal attenuation of more than 40%. Our prediction is in line with an experimental report that correlated an hypochromic effect on the positive near-UV band of the ECD spectrum of calf thymus DNA with duplex overwinding. 47 The duplex winding angle per base-pair is equal to 3601 divided by the pitch, which for a pitch of 10.5 amounts to 34.31 per base-pair, and it is known to decrease almost linearly with temperature in the interval from 0 to 83 1C. 48 So the duplex winding angle referred to in the experiment is equal to the average twist angle in our work and it is also known to vary with the type and concentration of cations in the solution. It is observed that the magnitude of the positive band above 260 nm decreases in a linear manner-in the range of a few degrees about a winding angle of 36 degrees-as the duplex winding angle increases 47 although with apparently a much steeper attenuation than in our theoretical prediction with the A-T/A-T base-pair dimer (Fig. 2) . At a semi-quantitative level, this is a remarkable fit between the experimental data and our theoretical predictions. We note here that the experimental ECD spectra were obtained with linear calf thymus DNA under varying conditions of salt concentration and temperature and the dependence between these conditions and the duplex winding angle of circular PM-2 DNA was available from other studies. Normalization of the twist values in the linear DNA therefore rests on the correlation between the superstructure of circular DNA and its mean twist angle between two consecutive base pairs. It is anticipated that the strong dependence of the positive ellipticity above 260 nm on twist, as suggested by our theoretical data in Fig. 2 , might allow future analyses to be carried out by ECD in the 280 nm region about the effects of non-histone protein binding to nucleosomes on the deformation of N-DNA. Strictly speaking our calculations involve a modest twist increase in average, from 34.31 to 34.61 for B-to N-DNA, respectively, thus suggesting (based on Fig. 2 ) that a general hypochromic effect is to be expected when going from B-to N-DNA, in line with our predictions (Fig. 6 ).
We note that large overtwist values (440 degrees in 1KX5 NCP147DNA, i.e. 24 bp dimers over 146 in total; Curves+ analysis 49 ) are associated with varied bp dimers and their dependence on twist might markedly differ from the one reported in this work in the case of the A-T/A-T bp dimer (Fig. 2) . Finally, the general hypochromism from B-to N-DNA originates from the variations of other DNA parameters besides twist. Roll and tilt variations (as found in kinked DNA topologies within N-DNA) might have a strong influence on the ECD response.
There are ten unique base-pair dimers as listed in Table 3 and their frequency in the 1KX5 sequence is also detailed in the table. As can be seen, there are no base-pairs of type C-G/G-C appearing in the 1KX5 sequence and the two most frequent types are C-G/A-T and A-T/A-T with percentage representations of 19.2% and 17.2%, respectively. The circular dichroism spectra of the nine base-pair dimers of interest in their idealized B-form are shown in Fig. 3 . Around 270 nm, the most important contributions to the positive band are provided by the base-pair dimers A-T/A-T and A-T/T-A, which together make up for 27.4% of the dimers in the 1KX5 sequence. The most abundant dimer C-G/A-T, being represented at 19.2%, contributes only weakly to the total spectrum since its signal response is seen to be small in the entire spectral region. It should also be noted that both A-T/A-T and A-T/T-A dimers have a weak negative ECD at long wavelengths, which will be apparent below in the total ECD spectra of N-DNA and B-DNA (Fig. 6) . Fig. 4 shows the ECD spectra for eight selected base-pair dimers (along the 1KX5 NCP structure) in their N-DNA conformations, as well as in their idealized B-DNA conformations, as inferred from Fig. 3 . This sample clearly demonstrates that base-pair dimers in the N-DNA conformation can (i) be closely related to B-DNA and display only small spectral differences, as illustrated by dimers 25-26 and 73-74; (ii) show signal depletion, as illustrated by dimers 1-2 and 146-147 (note that these two A-T/T-A base-pair dimers are related by the 2-fold axis of symmetry in the 1KX5 NCP 3D-structure with 147 base-pairs in total thus accounting for the nearly identical ECD spectra predicted theoretically); (iii) lose chiral responses in the entire spectral region, as illustrated by dimers 98-99 and 122-123; or (iv) even revert sign of the dichroism, as illustrated by dimer 49-50.
In Fig. 5 , we summarize the effects of all 146 base-pair dimers on the ECD ellipticity value at 272.5 nm when going from the conformation of B-DNA to that of N-DNA. We have here chosen to focus on the wavelength of 272.5 nm, which is close to the theoretical band maximum. The lower panel of the figure clearly shows that although in a restricted number of cases the signal responses are slightly larger in N-DNA as compared to B-DNA, the converse is true for the large majority of base-pair dimers. One way of interpreting the results presented in Fig. 5 is that we are sampling an ''ECD surface'' in a multi-dimensional configuration space given by the entire set of inter-base pair parameters, and our 146 samples indicate that the B-DNA conformations represent maxima so that moving away from these points in all (or at least most) directions leads to a reduction in the dichroism. This conceptual way of thinking was illustrated in Fig. 2 , where we moved along a single dimension namely the twist angle, and it is tempting to try to parametrize the ''ECD surface'' with respect to the multidimensional degrees of freedom in the spirit of creating a force field parametrization of a regular potential energy surface. We have, however, been unsuccessful in such attempts and found it virtually impossible to disentangle the intricate dependencies of all the inter-base pair parameters on each other.
However, we found that among the largest reductions in the ellipticity values observed in Fig. 5 (lower panel) , the geometrical features of the corresponding base-pair dimers (i.e., base-pair dimers 20-21 and 23-24 as well as the symmetry related base-pair dimers 127-128 and 124-125, respectively) are highly distorted. Twist and roll are in regions of extrema for these parameters and, in this regard, we note that undertwisting combined with roll for two adjacent base-pairs closely corresponds to the definition of the DNA kinky helix as initially reported by Crick and Klug, 50 with roll approximately defining the kinking angle. However, it should be noted that the kinking angles in NCP are of modest amplitude in comparison to the larger kinks observed in a variety of DNA-protein complexes. It is clear that the base-pair dimers with the largest hypochromic contributions correspond to highly distorted (kink-like) loci in the 1KX5 crystallographic structure. These loci are close to base-pair positions +5 and À5 along the supercoiled DNA. Another example of the interplay between the different interbase pair parameters and the ECD response is afforded by the base-pair dimer 25-26. As shown in Fig. 4 , this C-G/C-G dimer displays rather similar ECD spectra in its N-DNA and B-DNA forms. In particular, the positive maxima at around 272-275 nm display closely related ellipticity values. Interestingly, this base-pair dimer displays a rather low twist angle of 29.81-the mean value is 34.61 in 1KX5, with a minimum and maximum of 24.0 and 50.31, respectively-so that a strong hypochromic effect in comparison to B-DNA is to be anticipated, in accordance with the curve plot in Fig. 2 (determined for A-T/A-T). However, this is not the case. We note that two other inter-base pair parameters, namely roll and tilt, are strongly shifted from their B-DNA values of zero (roll and tilt are 8.4 and 6.11, respectively), while the remaining inter-base pair parameters (shift, slide and rise) are closely related to the B-DNA form. It is possible that the changes in the three inter-base pair parameters (twist, roll, and Adopting the building-block principle, the final B-DNA and N-DNA spectra for the full sequence of base-pairs are obtained by summing all the 146 individual base-pair dimer contributions in the B-DNA and N-DNA conformations, respectively. The resulting UV absorption and dichroism spectra are shown in Fig. 6 . The UV absorption spectra for B-DNA and N-DNA display lambda-max values of 263.9 and 267.2 nm, respectively, and there is 25% decrease in the maximum absorption cross section in going from linear to nucleosomal DNA. The corresponding ECD spectra show small negative dichroism in the long wavelength region and strong positive bands with peaks at 269.3 and 272.5 nm for B-DNA and N-DNA, respectively (this weak negative band is likely to originate from the AT-TA and AT-TA dimers which represent as much as 27.4% of the total dimers, as mentioned above). The ratio between the maxima of the positive ECD signal intensities is determined to be equal to 6.7 in the theoretical spectra.
The successful use of the B3LYP functional in this case relies on the assumption that the charge transfer (CT) states are not contributing strongly to the CD spectrum in the wavelength region of interest, but rather that it is the Frenkel excitonic states that are of predominant interest (as discussed in more detail in ref. 45) . To obtain a more quantitative argument, we have also determined the B-DNA spectrum at the CAM-B3LYP level of theory and we include the comparison of the B3LYP and CAM-B3LYP spectra in Fig. S1 in the ESI. † As can be seen in this figure, the spectral shapes and intensities are in close agreement but one notices an overall spectral blueshift of some 10 nm in going from B3LYP to CAM-B3LYP. Such a shift is a direct consequence of the increased amount of Hartree-Fock exchange, and the similarities between both spectra show that there is no indication that the CT states should play an important role. In a study of rat liver chromatin, Dumuis-Kervabon et al. 13 used ECD spectroscopy to follow the structural organization of the nucleosomal core particle upon selective proteolysis of the core histones at the level of their N-terminal tails. In Fig. 4 of their work, the spectra for free B-DNA and the native core particle are presented as base references. In the near-UV region, there is a negligible influence of the proteins on the ECD spectrum and it is therefore reasonable to associate the signal response of the native core particle to N-DNA and make a reference to our theoretical work. Before making a direct comparison, however, it should be remembered that the N-DNA structure data in the 1KX5 PDB file that we employ are based on the synthesis and crystallization of a palindromic sequence of 147 base-pairs that obviously differs in base-pair composition from that of rat liver chromatin used in the experimental study. 13 But a comparison is still warranted since the main characteristic ECD spectral changes in going from linear to nucleosomal DNA are wellknown and have been documented by several groups under varying conditions. 51, 52 There is a striking agreement in the characteristics of our theoretical ECD spectra with the experimental spectra. 13 The predicted red-shift of the maxima of the positive ECD band amounts to 3.2 nm in our theoretical study, which is on top of the corresponding result in the experiment. We want to draw the attention of the reader on the fact that such an accuracy is fortuitous and not within the scope of our model. We need to consider that our calculations also predict a hypochromic effect in the near-UV spectrum, see the left panel of Fig. 6 . The absorptivity value of DNA in its N-DNA form is not known accurately. In NCPs, the UV maximum at 258 nm includes the absorption of the DNA bases as well as the absorption of the histone tyrosine (Tyr) residues (30 in total in NCP). It is well known that the Tyr residues in NCP undergo a large hyperchromic effect in comparison to free Tyr-a hyperchromicity of up to 37% is recorded (Parello and Banères, unpublished data). However, the Tyr chromophores only represent a low contribution to the total absorptivity of NCP at 258 nm (not exceeding 5%). According to our theoretical predictions, it is anticipated that DNA itself in NCP undergoes an intrinsic hypochromic effect. To our knowledge, this effect has not been assessed experimentally. The theoretical spectra suffer from an overall spectral blue-shift of some 8-10 nm, which represents as good an agreement as one can hope for given the approximations that we are forced to adopt in the electronic structure method and systems models. The reported hypochromicity in the experimental ECD spectra is about 3 times comparing the results for the B-DNA and N-DNA conformations, with N-DNA in this case being dissolved under conditions of low counterion concentrations. Our value of 6.7 for this ratio is clearly overshooting the experimental result but, at the same time, there can be no doubt that our model calculations have captured the essential underlying microscopic reasons for the observed hypochromic effect. The exaggerated hypochromicity is likely due to a combination of reasons. First, we have adopted a fully optimized molecular structures to represent B-DNA, while a sampling of conformations based on a molecular dynamics simulation at room temperature would be more realistic. But due to the exceedingly high computational cost associated with such a procedure, we have been forced not to follow this route. Second, the 1KX5 structure is determined under conditions of full Mn 2+ saturation and it appears that the ECD hypochromicity of N-DNA associated with spermidine 3+ saturation amounts to about 2 times (in preparation). If we make the reasonable assumption that saturation of spermidine 3+ and Mn 2+ will affect ECD spectra of N-DNA in rather the same manner, then one would expect that an experimental result comparing B-DNA and N-DNA under full Mn 2+ saturation would result in a hypochromicity factor of 3 Â 2 = 6, which is very close to the theoretical prediction.
D. Structural and biological significance of the theoretical simulations
As stated above and summarized in Fig. 6 , the main result of our theoretical work is that the predicted ratio B-DNA (269.3 nm)/N-DNA (272.5 nm) of 6.7 in the near-UV region of the ECD spectrum stands in very good agreement with available experimental results. Besides this, the wavelength shifts between the two ECD spectra are also well captured in the theoretical results. We need to emphasize, however, that the ECD response calculated in this work for NCP147DNA in the 1KX5 crystal structure is linked to a unique nucleotide sequence (i.e., a 147 base-pair palindromic sequence of DNA, derived from human alpha-satellite) associated with the recombinant histones from Xenopus laevis. In contrast, the experimental ECD spectra of NCP from natural origin correspond to a large variety of nucleotide sequences as found in the chromatin of different species studied so far (from avian, bovine, human, rodent origin, among others) with each individual NCP likely having a different nucleotide sequence as part of the genome of each species. Nevertheless, all ECD spectra of natural NCP show closely related profiles with a hypochromic attenuation of the positive band above 260 nm by a factor of 3-5, see ref. 53 and references therein.
To take an example, 51 the ECD of human NCP from HeLa cells was measured and showed a molecular ellipticity of 1.807 degrees cm 2 dmol À1 at the band maximum of 283 nm. The corresponding ECD spectrum of B-DNA was obtained after addition of solid sodium dodecyl sulfate leading to the dissociation of the DNA-histone complex in situ and showed a molecular ellipticity of 7.734 (same units) at the band maximum of 277 nm. The ellipticity ratio, B-DNA (277 nm)/N-DNA (283 nm), thus amounts to 4.3 in this specific case. Based on our simulations, it can be concluded that even subtle differences in DNA sequences at selected loci in the N-DNA duplexes will be sensed spectroscopically and will contribute to differences in the B-DNA/N-DNA hypochromic ratio. In other words, the ECD spectrum of NCP from natural origin is to be viewed as a mean value over a large variety of ECD responses from the different core particles. This reinforces the validity of our calculated hypochromic effect (by a 6.7 factor) in the case of a specific DNA sequence as observed in the 1KX5 structure-to our knowledge, there is no experimental ECD information available in the literature about 1KX5 NCP itself. An important question to ask at this point is whether ECD is sufficiently sensitive to the details of the supramolecular arrangement of DNA within the nucleosome core particle in order to monitor changes in the supramolecularity of the particle by recording the near-UV region of the spectrum where the contribution of the DNA chromophores largely exceeds those from the proteins-the latter have only very weak ECD contributions from aromatic residues and disulfide bridges. It has for example been reported that controlled trypsin proteolysis of NCP (during which all N-terminal regions of the octameric histones are cleaved) leads to a marked reduction of the hypochromic ratio. 51 To what extent theoretical calculations can provide a microscopic insight to such more subtle changes in structure based on simulations of ECD spectra remains largely to be seen. But it stands clear that our present work represents an important step in this direction, leaving us with the perspective to study complex supramolecular assemblies that are involved in chromatin structure and function.
V. Conclusions
A building-block principle based on base-pair dimers has been adopted and applied for the calculation of circular dichroism spectra of linear, free, B-DNA and coiled, super-helical, N-DNA as found in nucleosome core particles. We demonstrate that the main ECD response is due to the inter-base pair coupling with the strongest contributions to the near-UV positive ECD band at around 270 nm originating from base-pair dimers A-T/ A-T and A-T/T-A. There is a clear exciton coupling character of the dichroism in A-T/A-T giving rise to a strong negative band at shorter wavelengths. Our N-DNA calculations are based on the high-resolution crystal structure data found in the 1KX5 PDB file for a palindromic sequence of 147 base-pairs. Free B-DNA with an identical base-pair sequence is simulated by performing molecular structure optimizations of base-pairs with subsequent application of a base-pair separation and a twist angle. By comparing dichroism contributions from individual base-pairs for B-DNA and N-DNA, it is revealed that, in more than 90% of the cases, there is a hypochromic effect associated with the structural deformation of DNA that originates from the formation of the supramolecular assembly of the nucleosome core particle.
The theoretical ECD spectra for the full sequence of basepairs in the B-DNA and N-DNA conformations are in good agreement with experiments performed on core particles from rat liver chromatin. 13 In both cases there is an observed red-shift for the positive near-UV band of N-DNA as compared to B-DNA and a very strong decrease in the signal response. By demonstrating that theoretical calculations are able to correctly predict the ECD spectral trends associated with changes in the supramolecular organization of DNA in chromatin, we open the field for exciting new scientific discoveries using ECD as the probing tool of the structure of DNA in varying external environments such as temperature, pH, ion-concentration, as well as chromatin interacting with functional non-histone proteins.
